Context. EE Cep is an unusual long-period (5.6 yr) eclipsing binary discovered during the mid-twentieth century. It undergoes almost-grey eclipses that vary in terms of both depth and duration at different epochs. The system consists of a Be type star and a dark dusty disk around an invisible companion. EE Cep together with the widely studied ε Aur are the only two known cases of long-period eclipsing binaries with a dark, dusty disk component responsible for periodic obscurations. Aims. Two observational campaigns were carried out during the eclipses of EE Cep in 2003 and 2008/9 to verify whether the eclipsing body in the system is indeed a dark disk and to understand the observed changes in the depths and durations of the eclipses. Methods. Multicolour photometric data and spectroscopic observations performed at both low and high resolutions were collected with several dozen instruments located in Europe and North America. We numerically modelled the variations in brightness and colour during the eclipses. We tested models with different disk structure, taking into consideration the inhomogeneous surface brightness of the Be star. We considered the possibility of disk precession. Results. The complete set of observational data collected during the last three eclipses are made available to the astronomical community. The 2003 and 2008/9 eclipses of EE Cep were very shallow. The latter is the shallowest among all observed. The very high quality photometric data illustrate in detail the colour evolution during the eclipses for the first time. Two blue maxima in the colour indices were detected during these two eclipses, one before and one after the photometric minimum. The first (stronger) blue maximum is simultaneous with a "bump" that is very clear in all the U BV(RI) C light curves. A temporary increase in the I-band brightness at the orbital phase ∼ 0.2 was observed after each of the last three eclipses. Variations in the spectral line profiles seem to be recurrent during each cycle. The Na i lines always show at least three absorption components during the eclipse minimum and strong absorption is superimposed on the Hα emission. Conclusions. These observations confirm that the eclipsing object in EE Cep system is indeed a dark, dusty disk around a low luminosity object. The primary appears to be a rapidly rotating Be star that is strongly darkened at the equator and brightened at the poles. Some of the conclusions of this work require verification in future studies: (i) a complex, possibly multi-ring structure of the disk in EE Cep; (ii) our explanation of the "bump" observed during the last two eclipses in terms of the different times of obscuration of the hot polar regions of the Be star by the disk; and (iii) our suggested period of the disk precession (∼ 11-12 P orb ) and predicted depth of about 2. m for the forthcoming eclipse in 2014.
Introduction
The 11th magnitude star EE Cep is a unique object among the about 40 well-known eclipsing systems with orbital periods longer than one year. The primary B5 III star is obscured by an invisible, dark secondary component of very low luminosity every 5.6 yr. The variability of the star was discovered in 1952 ⋆ Tables B.1 -B.36 are available at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/544/A53
(epoch E = 0) by Romano (1956) and soon confirmed by Weber (1956) , who reported observations obtained during a previous eclipse in 1947 (E = -1). Since then, ten consecutive primary eclipses have been observed, while a secondary eclipse has never been detected. The depths of the eclipses vary across a wide range of magnitudes from about 0. m 5 to 2. m 0 (see Graczyk et al. 2003) . However, all of them seem to have the same features: they are almost grey and have a similar asymmetric shape (the descending branch of every eclipse has a longer duration than the ascending one). In the light curves of all the eclipses, it is pos- sible to distinguish five characteristic phases (shown in Fig. 1 ): ingress (1-2) and egress (3-4) are preceded and followed, respectively, by extended atmospheric eclipse parts (1a-1 and 4-4a), and in the middle of the eclipses a bottom phase of variable slope (2-3) occurs.
The most plausible hypothesis to explain the observed shape of the light curve, as well as the changes in the eclipse depth during successive conjunctions and their weak dependence on the photometric band was proposed by Mikołajewski & Graczyk (1999) . Their model considers the eclipses of a hot B5-type primary by an invisible, dark companion, which is most probably a dusty disk around a low-luminosity central object. The disk is slightly inclined to the orbital plane. The obscurations of the star by the opaque interior of the disk can explain the deep central parts of the eclipses, while the semi-transparent exterior areas are responsible for the observed external wings, which are similar to wings caused by atmospheric eclipses in ζ Aur type variable stars. The projection of the inclined disk onto the sky plane produces oblong shape of an obscuring body, which is tilted with respect to the direction of motion during most of the occultations. Since the eclipses are not central (the impact parameter is non-zero), the light curves observed during the eclipses have an asymmetric shape ( Fig. 1) . A possible precession of the disk can change both the inclination of the disk to the line of sight and the tilt of its cross-section to the transit direction. This leads to changes in the depth and the duration of the eclipses. The model briefly described above can explain the shallow (0. m 6), flat-bottomed eclipse observed in 1969, if we assume a nearly edge-on and non-tilted projection of the disk . This very specific configuration in 1969 is very similar to the geometry of the eclipses in the ε Aur system (see Mikołajewski & Graczyk 1999) . Wide eclipsing binaries of this kind, i.e. those containing a nearly edge-on dusty disk as an eclipsing object, are very rare and apart from the two abovementioned cases we know of only about one additional system -M2-29 -that may show some similarities (Hajduk et al. 2008) .
In this paper, we present the results of two observational campaigns organized for the eclipses that occured in 2003 and 2008/9 , mainly to test the hypothesis of a precessing disk. The results of the second campaign were systematically presented during the eclipse at a web page 1 .
Observations

The 1997 eclipse
During the 1997 eclipse (epoch E = 8), the first multicolour U BVR C i (λ i ≈ 7420 Å) photometric observations were made using a 60 cm Cassegrain telescope at the Piwnice Observatory near Toruń (Poland) equipped with a one-channel photometer (Mikołajewski & Graczyk 1999) . This eclipse was one of the deepest eclipses of all those observed in EE Cep. However, the amplitude of the minimum changes quite weakly with wavelength from about 1. m 75 in the U passband to about 1. m 45 in i (Fig. 2 ). These observations thus provided the first evidence that the eclipsing body cannot be an ordinary evolved cool star, motivating us to organize a special international observational campaign for the next two minima. A complete set of U BVR C i photometry obtained in 1997 is shown in our Appendix (available online) in Table B .1.
International photometric campaigns in 2003 and 2008/9
Observers from four European countries responded to the appeal of Mikołajewski et al. (2003) to perform a precise monitoring of the subsequent eclipse of EE Cep anticipated in 2003 (epoch E = 9). During the organized campaign, ten telescopes were used to acquire the photometric observations (Table 1) . Very high quality photometric U BV(RI) C data were obtained with very fine sampling. The eclipse turned out to be quite shallow and in accordance with the expectations, almost grey. The eclipse reached depths from about 0. m 7 in U to 0. m 5 in I C . The preliminary photometric results of the 2003 campaign were described by Mikołajewski et al. (2005a) . The results of this fruitful campaign in 2003 did not however significantly constrain the precessing disk model, and the nature of the central part of the disk and its contribution to the total flux remained uncertain. The next opportunity for resolving these uncertainties came with the most recent eclipse, which took place at the turn of 2008 (epoch (Gałan et al. 2008) attracted strong interest. Twenty telescopes located in Europe and North America were involved in the photometric observations (Table 1) , which provided a more comprehensive multicolour and temporal photometric coverage than for any previous eclipse. The first results and the U BV(RI) C light curves in graphical form were published by Gałan et al. (2009) . Surprisingly, the last eclipse turned out to be the shallowest in the observing history of EE Cep, reaching a depth of only ∼ 0. m 5 in U and nearly ∼ 0. m 4 in I C . The strong interest inspired by Mikołajewski et al. (2003) and Gałan et al. (2008) resulted in many observations. The original data and the observatories that sent them are presented in Tables B.2-B.11 for the 2003 eclipse (E = 9) and Tables B.12-B.32 for the 2008/9 (E = 10) eclipse, respectively. The three standard stars "a" = BD +55
• 2690, "b" = GSC-3973:2150, and "c" = BD +55
• 2691 have been recommended by Mikołajewski et al. (2003) . Most magnitudes were evaluated with respect to either the standard star "a" or all three standard stars "a", "b", and "c" independently . One set of data (Table B. 21) were obtained only with respect to standard star "c" because of the small field of view of the instrument used. The data in Tables B.2-B.21 and B.24-B.32 are shown in differential form. Two sets of data, from Sonoita Research Observatory , were obtained partly with respect to other standard stars (see Table B .22), and we show them as apparent magnitudes. They were transformed to a differential form using the known brightness of star "a" from Mikołajewski et al. (2003) . The original differential magnitudes obtained with the three standard stars were calculated with respect to star "a", using the average differences between the standard stars (a − b) and (a − c). All of the mean values in Tables B.24 Table B .25. For this last set of data, the differences (v − a) were not recorded by the observers, hence the reduced average values were calculated using the expression (v − b) − (a − b) + (v − c) − (a − c) /2, where the (a − b) and (a − c) VR magnitudes were adopted from Mikołajewski et al. (2003) . All data were corrected for the differences between the particular photometric systems. The CCD data from Kraków were adopted as a zero-point, owing to their high quality and good coverage during both the eclipses. Original individual data points obtained close to the eclipses are presented in Fig. 3 , which is composed of about 2500 measurements. The phases were calculated with ephemeris (Mikołajewski & Graczyk 1999) JD(Min) = 2434344.1 + 2049.
d 94 × E.
The photometric observational data were further processed by averaging the groups of neighbouring points. In the case of the previous eclipse at E = 9, for which the photometric measurements were obtained only in Europe, each point in the light curves represents the average of all measurements obtained in a given passband during a single night. The V light curve constructed in this way was complemented by the data obtained independently for this eclipse by Samolyk & Dvorak (2004) , which we shifted by +0. m 02 onto the reference system. The last eclipse at E = 10 was observed from two continents, Europe and North America. The measurements obtained during each day form groups of points separated by about one-third of a day Table 2 . Overview of the instruments involved in the spectroscopic observations during the three last eclipses at epochs E = 8, E =9, and E =10. N is the number of spectra. and should not be averaged together. In the light curves of this eclipse, each point represents the average of all measurements obtained in a given filter during the first or second part of a particular Julian day. The accuracy of the photometry obtained in this way is excellent, reaching a few mmag. The resulting mean points of the average light curves, together with the formal standard deviations for particular observations, are shown in Table B .35.
Spectroscopic data collected in 2003 and 2008/9
For several decades until the eclipse at epoch E = 9 in 2003, changes in EE Cep's spectrum outside and during eclipses had been poorly studied, whereas the photometric behaviour during the eclipses had been relatively well characterized. The situation improved significantly after the observational campaign in 2003. Seven observatories located in Europe and North America took part in the observations (using the instruments listed in Table 2 ), collecting spectra at low and high resolution. The spectral observations covered various phases of the eclipse, revealing changes in the line profiles (mainly Hα, Na i, Hβ, and Fe ii) not only during the photometric eclipse but even more than two months before and after the minimum (Mikołajewski et al. 2005b) . Unfortunately, during the last campaign at the turn of 2008 (epoch E = 10) only a small number of spectra were obtained, with only three instruments. The new spectra complement those obtained during the previous epoch, because a significant number of these spectra were acquired during orbital phases that had not been previously covered.
With this paper, we make available a large number (100) of spectra, most of which were, however, obtained with moderate resolution and/or cover a narrow spectral range, containing mainly Hα or Na i spectral lines. In addition, they were clustered near the eclipse -the spectroscopic observations have insufficient temporal coverage throughout the orbital phase to use them in studying changes in the radial velocities. The list of spectra and instruments together with some additional information are given in Table B .36. All these spectra were heliocentric corrected and some of them (obtained at Rozhen Observatory and DDO), which cover a narrow spectral range (∼ 100-200 Å), were normalized to the continuum. The low resolution spectra obtained at Piwnice Observatory were flux calibrated. All spectra are available as FITS files at the CDS. 
Results
Light and colour changes during the last two eclipses
Thanks to the aforementioned observational campaigns, it has been possible for the first time to analyse colour evolution during the eclipses. In (1)] did not change this significantly. The Mikołajewski & Graczyk (1999) ephemeris was used (unchanged) for orbital phasing to produce all the observational data in this paper. The colour indices for the 2003 eclipse show two blue maxima, about nine days before and after the mid-eclipse. Two weak maxima in the B light curve are also clearly visible. Similar features also occur in the 2008/9 eclipse but the "bump" (at JD 2454836) preceding the minimum ( Fig. 3 and 4) is much more pronounced than previously. The differences in the phase and strength of these features can be caused, such as the depth of eclipses, by changes in the spatial orientation of the disk.
The observed variations in the I passband after the eclipses could give additional support to this idea. In Fig. 5 , the I-band light curve obtained over 13 years, from 1996 to 2010, is shown. About one year after each eclipse, near the orbital phase ∼ 0.2, an increase in I-band brightness appears. The recurrence and rapid variation during these events allow us to speculate that this increase may be caused by proximity effects when the components are close to periastron. If this is true, then the orbit in the EE Cep system must be significantly eccentric. An interesting correlation -the brightening events appear to be stronger when the eclipses are deeper -may indicate that there are changes in the disk projection and this may be an additional observational argument for precession of the disk. The quite large amplitude of variability outside the eclipse in the I passband (which is not clearly visible at shorter wavelengths) also indicates that the contribution of a dark component (disk or/and central object) to this band has to be significant. The cool component becomes readily noticeable at the red edge of the visible spectrum, and in the near infrared (the JHK bands) it might dominate the observed fluxes.
Variations in the spectrum
The most important results of the spectroscopic observations obtained during the 2003 campaign seem to be the conclu- m 1) an artificial, strongly non-linear scale is used to reduce the contrast in the amplitude of the changes during and outside eclipses (thus, the relatively small variations outside the eclipses can be seen and compared with the depth of the eclipses).
sions regarding the nature of the hot component. The emission and absorption components of the Balmer and Fe ii line profiles in the spectra obtained around the 2003 eclipse imply that the hot component is a rapidly rotating Be star surrounded by a highly inclined emitting gaseous ring (Mikołajewski et al. 2005b) . These line profiles show the same pattern during the 2008/9 eclipse (compare Fig. 6 with Fig. 2 of Mikołajewski et al. 2005b) . A comparison of the Balmer H8-H11 absorption lines in the spectrum of EE Cep with theoretical profiles (Fig. 7) gives v sin i ≈ 350 km s −1 (Gałan et al. 2008) , which implies that there has been a strong equatorial gravitational darkening. The rota- tional velocity of the Be star in the EE Cep system is very close to the critical value. It must lead to a continuously strong radial outflow of the gas stream from the equator, which is confirmed by the existence of the gaseous ring -a characteristic feature of Be-type stars (Mikołajewski et al. 2005b) .
Figures 8-10 show the evolution of the Hα and Na i line profiles in which additional absorption components appeared during both of the last two eclipses. Towards the mid-eclipse, an Representative examples of Hα line profiles in the spectra obtained near the eclipses at epochs E = 10, E = 9, and E = 8 (in the electronic version of this paper, the profiles have different colours: red, blue, and green, respectively). The spectra are vertically offset for clarity. Representative examples of Na i doublet line profiles in the spectra obtained near the eclipses at epochs E = 10, E = 9, and E = 8 (in the electronic version of this paper, the profiles have different colours: red, blue, and green, respectively). The spectra are vertically offset for clarity.
absorption component in the Hα profile grows, and during the minimum it is very deep and broad. The sodium doublet line profiles in the minimum show a multi-component structure and we can discern at least two additional absorption components shifted towards blue wavelengths, first at a velocity of about -40 km s −1 and then at about -70 km s −1 (Fig. 11) . In a few high-resolution spectra from the Rozhen, NOT, Asiago, and Terskol observatories, we can see Hα and Hβ lines. The spectra from NOT and Terskol contain higher order Balmer lines, which are, however, underexposed, permitting us to see only that the emission is weakening and the broad and strong absorption features of the Be star begin to dominate. The only spectrum displaying absorption from Hα to H13-H14 is the SPM spectrum (see Table 2 ) obtained during the 2003 eclipse. In this spectrum, strong absorption in the Be star dominates and the higher order emission Balmer lines are absent (see Fig. 7 ). In the case of other lines of the Be star, in a few spectra, the He i 5876 Å, 4471 Å, and Mg ii 4481 Å lines appear to be present but are barely visible. In the spectra from CCS and Asiago, the emission triplet Ca ii (8498 Å 8542 Å 8662 Å ) and the O i 8446 Å line are visible. Because of the small number of lines in the Be star spectrum and their weakness and large width, it was impossible to extract reliable information about changes in the radial velocities of the hot component.
The spectra obtained during the two most recent eclipses suggest that the behaviour of the spectral line profiles might not change between eclipses. A unique spectrum was obtained at phase ∼ −0.025 before the 2003 eclipse when both lines of the Na i doublet showed a P Cyg profile. If this is a sign of outflow from the Be star, then this implies that the eclipses occur relatively close to periastron. At orbital phases far from the eclipses, absorption structures are indeed sometimes appear imposed on the emission lines indicating that there are large amounts of loose gaseous clouds in the system, which could support such a scheme (see e.g. Fig. 8 -Hα line profiles at phases ∼ 0.17 and ∼ 0.25). On the other hand, these structures are observed during the brightening event observed in the I band at an orbital phase ∼ 0.2.
The changes of the spectral line profiles during phases close to the photometric eclipses allowed us to estimate the sizes of the eclipsing dusty disk and gaseous ring around the Be star (Mikołajewski et al. 2005b) . The disappearance of the bluest component of the Na i doublet at a phase of about 0.011 suggests that the radius of the eclipsing cloud producing the Na i lines is at least 6R Be . The shell absorption in Hα rapidly decays about 2.5 months after minimum (at phase ∼ 0.036), which suggests that the gaseous ring around the Be star producing the Hα emission is almost twice the size of the eclipsing cloud, i.e. > ∼ 10R Be .
Modelling of the eclipse light curves, precession
of the disk, and discussion
Numerical code and basic assumptions
Although similar to ε Aur and maybe even M2-29, EE Cep is nevertheless quite a unique system, and existing tools do not seem to be suitable for analysing this system. To model the brightness and colour variations during the eclipses and changes from epoch to epoch, possibly depending on precession, it was necessary to develop our own, original numerical code. The models require the adoption of some quite simplistic assumptions. An axially symmetric, circular, flat disk with an r −n density profile was assumed in all cases. The disk was considered to be geometrically thin, although we highlight that two 8 C. Gałan et al.: International observational campaigns of the last two eclipses in EE Cep The positions of the continuum levels refer to the orbital phases. The right-hand panels show a zoom of the central part of left-hand panels as indicated by vertical dashed lines. The arrows indicate the shallow minima in the external parts of the eclipses observed about 35 days before and after mid-eclipse at both last epochs (both last eclipses seem to be longer than expected and lasted about 90 days).
different approaches are possible with our code. One is to assume a disk thickness H and integrate the density of the matter in the disk. The second approach, which is more efficient for the calculation, is to assume that the disk has a negligible thickness (in reality zero thickness in the model). Changes in the optical depth depending on the disk inclination could also be taken into account (τ ∼ | cos i d −1 |). The outer disk radius was assumed to be six times the equatorial radius of the Be star (R d0 = 63.4R ⊙ ), i.e. approximately the minimal possible radius that can be estimated from the contact times in the eclipse light curves (Mikołajewski et al. 2005a) . A possible additional contribution of radiation from the eclipsing body (disk and/or its central object) to the total flux (commonly called "the third light") and scattering of Be star radiation off the disk particles have been neglected. We assumed that the matter of the disk absorbs radiation selectively in accordance with interstellar extinction. The passband-dependent absorption coefficients were estimated based on the total value of the reddening, which increased by ∆E B−V ≈ 0.05 during mid-eclipse in 2003.
The Be star parameters that could not be reliably calculated during the modelling process had to be entered as inputs into the model. Our spectra show that the hot component has an effective temperature T eff = 15000 K and log g = 3.5, implying that it is a B5III or B4II type star. With the spectral type and luminosity class, the stellar effective temperature and luminosity L = 3500L ⊙ can be determined using the statistical relations of de Jager & Nieuwenhuijzen (1987) . Comparing the resulting values with the theoretical evolutionary models for stars with moderate and high masses (Claret 2004) , via interpolation, the mass range M Be = 8.0 ± 2.2M ⊙ was estimated for the mass of the Be star in EE Cep. A mean stellar radius was estimated with the Stefan-Boltzmann law. For a description of the star's surface, its shape and radiation, we used the model described by Cranmer & Owocki (1995) and Owocki et al. (1994) in our program. The model takes into account both the oblateness of the star and gravity darkening using a Roche model and a von Zeipel (F ∼ g → T eff ∼ g 0.25 ) law. By comparing of the critical rotational velocities that characterize each pair of mass and radius with the observed rotational velocity, which for the Fig. 12 . Schematical explanation of the geometrical parameters in the special case when the precession axis of the disk (the symmetry axis of the conical surface over which the rotation axis of the disk moves cyclically with the precession period P prec ) is parallel to the Y axis of the coordinate system (i.e. it is perpendicular to the orbital plane). Our code allows this axis to be inclined by angles θ prec and φ prec in a similar way to the inclination of the rotation axis.
• is v = 350 ± 50 km s −1 , we constrained the possible masses to the range 5.9M ⊙ < ∼ M Be < ∼ 7.9 M ⊙ , i.e. the range in which stars do not disintegrate as a result of rapid rotation. We eventually decided to fix the basic parameters of the Be star in our model to a mass M = 6.7M ⊙ , mean radiusR Be ≈ 9.0R ⊙ (with equatorial to polar radius ratio R eq R −1 p ≈ 1.44, giving equatorial and polar radii, respectively, R eq ≈ 10.57R ⊙ and R p ≈ 7.34R ⊙ ), luminosity L = 3500L ⊙ , and rotational velocity at the equator V eq = 325 km s −1 . To perform a χ 2 minimization, our numerical code was equipped with the simplex algorithm. This procedure used the method described in Brandt (1998) and the flowchart of Kallrath & Milone (1999) .
The solutions were carried out using the U BV(RI) C light curves. In general, several parameters were treated as free parameters: the impact parameter D, the mid-eclipse moment T 0 (in the sense of the minimum proximity of the star and the disk centres in the projection on the sky plane), the relative tangential velocity of the star and the disk V t , the inclination of the disk (90
• − θ d ), an angle related to the disk precession phase φ d , the absorption coefficient κ s representing the contribution by the grey extinction and the central disk density ρ c expressed in arbitrary units. The geometrical parameters (D, θ d , φ d , R d0 , R d1 , and R d2 ) describing the disk sizes and orientation in the models are presented in Fig. 12 . The code allows additional disk radii R di for i ≤ 5 to be defined, making it possible to take into account the presence of one or two gaps in the disk and the central opening.
A solid or a gapped disk model?
We used our code to model the last two eclipses with a solid disk causing the eclipses. This model is consistent with the global changes in the light curves and colours (it fits the depth and the shape of the eclipses), especially for the 2003 eclipse (see Appendix A, Fig. A.1) . However, this model has trouble in explaining the two blue maxima in the colour evolution that appeared during the last two eclipses, roughly symmetrically a few days before and after the photometric minimum.
We tried to explain these blue maxima based on a hot star being rotationally darkened at the equator and brightened at the poles, and assuming that the eclipsing disk is divided into two parts by a gap. For a hot Be star such as EE Cep, convection is impossible in the envelope and we can expect the darkening effect to occur in pure von Zeipel (1924) form. Since the star rotates with a velocity very close to the critical value, the grav- ity darkening effect can result in a difference between the polar and the equatorial temperatures of as much as 5-6 thousand Kelvins. Thus, the appearance of the hot polar area in the gap could be observed as the blue maxima. Gałan et al. (2008) considered and briefly described a model with a disk that has a concentric gap for the 2003 eclipse. In the current work, an attempt has been made to create a similar model for the last two eclipses together, by taking into account the precession period P prec as an additional free parameter. Although this model seemed to be appropriate when the 2003 eclipse alone is considered, it does not work well when we consider the two eclipses together (see the online Appendix A: Fig. A. 2). The model indeed generates colour changes and blue maxima of the same order as observed during the 2003 eclipse. However, its predictions are inconsistent with the observations, because the shallower eclipses should be accompanied by a less pronounced "bump" and associated blue maximum, in contradiction to the case of the 2003 and 2008/9 eclipses taken together. The "bump" at JD 2454836 in the last eclipse (E = 10) seems to be too strong to be explained entirely by a gap in the disk.
After many attempts to model the light changes during the eclipses, especially the shallow ones, we realized that another mechanism, connected with the flattening of the Be star, could be helpful in explaining the "bump". For example, we consider the case when the disk has an inclination close to 90 degrees (when the eclipse is shallow) and the tilt with respect to the direction of motion is high (we expect that this could occur for the eclipses at epochs E = 9, E = 10). The temporal superposition of the two minima should be observed, corresponding to the successive obscuration of the two hot poles separately, at significantly different times (see Fig. 13 ). The first minimum is shallower and the second deeper, because of the non-zero value of the impact parameter, which reduces the obscuration of one of the poles, and because the outer part of the disk is more transparent than the inner part. The condition for the occurrence of the "bump" is a sufficiently long temporal separation of the two minima. Models generated using our numerical code at various precession phases suggest that the "bump" would disappear in the deep eclipses and be stronger in the shallow ones, matching what we observe. Although this scenario is very promising, it may not match the observed colour changes. The main problem is the second blue maximum, which appears in both of the last eclipses (during 2003 and 2008/9) , although it is already very weak during the last one. We speculate that the reason for the occurrence of the second blue maximum may be (i) a concen- tric gap (or a local, concentric depression of the density) or (ii) a central opening in the disk structure. The former would be adequate for eclipse models similar to those presented here, i.e. in which the impact parameter is small enough for both sides of the entire disk to be involved in the eclipses. The latter would require the impact parameter to be larger, so that the eclipses could be caused by about half of the disk. Which of these two cases is true? We are unable to establish this based on the photometric observations. The behaviour of the Na i sodium doublet lines suggests that case (ii) may be correct. In this case, the disk would be about twice as large as in case (i) and it would move on an orbit with an appropriately higher speed.
Precession solutions from the 2003 and 2008/9 eclipses
As stated above, we propose that the precession of the disk is responsible for the observed differences between the eclipses from epoch to epoch. Since the number of eclipses observed is small, the constraints on precession are weak, so other processes, perhaps connected with changes in the disk size and/or its internal structure, might be needed to explain the rapid changes. Nevertheless, we decided to study our hypothesis of precession as the most likely hypothesis that can presently be constrained.
In one approach, we used the highest quality photometric data obtained during the last two eclipses, when the disk was nearly edge-on, so that its optical thickness was high, but it projected to a small solid angle at that time. Using our code, we determined the best-fit solution for the solid disk for the two last eclipses, taking precession into account. The basic assumptions about the nature of the Be star, and the both fixed and free parameters were the same as those in Section 4.1. The disk was treated as having negligible thickness (infinitesimally small with all its mass concentrated in the plane) with an r −2 density profile. The precession period of the disk P prec was adopted as an additional free parameter. For simplicity, the precession axis was assumed to be perpendicular to the orbital plane. The resulting model is presented in Fig. 14 and its parameters are shown in Table 3 . The best-fit solution was obtained for the precession period P prec ≈ 61.94 yr (about 11 P orb ) for which the angle related to the disk precession phase φ d changes from 34.88
• at epoch E = 9 to 67.5
• at epoch E = 10. Such a fast precession seems to be necessary to explain the observed rapid changes in the eclipse depths at consecutive epochs. For example, the very shallow eclipse at E = 3 occurred very close in time to two very deep eclipses at E = 2 and E = 4, and the deep minimum at E = 8 was followed by two shallow ones at E = 9 and 10. An alternative solution exists according to which the disk would achieve, at epoch E = 10, the precession phase φ d = 112.5
• with about half the precession period of the former solution, P prec ≈ 26.03 yr (∼ 5 P orb ). Since we are only able to observe a projection of the disk, we are unable to distinguish between these two cases using only the photometric data of these two eclipses.
Precession solutions using all the eclipses
However, although the precession period in EE Cep should indeed be rather short, its lower limit of about five orbital periods inferred from colour variations during two successive eclipses, (≈ 78.5 yr) . If the shallow minimum with a flat bottom observed in 1969 was indeed caused by an edge-on, non-tilted disk (Mikołajewski & Graczyk 1999) , then the precession axis is not perpendicular to the orbital plane. For perpendicular orientations, two edge-on positions with opposite tilt angles should be observed. More generally, two edgeon positions can occur when the precession axis lies nearly in the sky plane and is inclined with respect to the orbital plane. One of these positions may be non-tilted with respect to the orbital motion, but both should produce similar (shallow) eclipse depths, despite the very different tilt angles, because an edge-on disk obscures at most only a small part of the Be star. This situation might have arisen in 1969 (E = 3) and 2008/9 (E = 10), if the time interval between these minima was about half a precession period. This hypothesis provides a solution what may satisfy the data of all the eclipses. Thus, we propose this as a possible way of explaining the seemingly chaotic changes that occur in successive eclipses. The next key step in understanding this system was to realize that the deepest eclipses are not necessarily those that occur when the projected disk size is greatest (as we assumed at first); the deepest eclipses must instead be those where the column density in the disk and the projected disk size are together high enough to obscure most of the Be star surface. This situation must occur close in time to the most shallow eclipses in order to be consistent with the rapid changes in the eclipse depths. According to this line of reasoning, during the shallowest eclipses, the projection of the disk becomes small so that there is very little obscuration of the stellar flux, even though the column density in the disk is greatest at that time. Similarly, the eclipses should have intermediate depths at those precession phases at which the projected disk size is largest, since, despite the eclipsing of nearly the whole surface of the star, this eclipsing is performed by the highly transparent part of the disk. We tested this hypothesis using our numerical code for the case with a precession axis inclined relative to the normal of the orbital plane by several different small values of θ prec . We found that as a first approximation, φ prec should be around 70
• -80
• (see Fig. 12 for the definition of θ prec and φ prec ). When θ prec is non-zero (i.e. the precession axis is inclined), the value of φ prec determines how unequal the time intervals between the two shallowest minima in the precession cycle will be and how different the eclipse depths will be between these two intervals. We define I I as the time interval from the eclipse with the minimal tilt of the projected disk (as in 1969) to the eclipse with a maximal disk tilt (as in 2008/9) and vice versa, I II as the time interval from the eclipse with maximal disk tilt to the eclipse with minimal disk Fig. 15 . Dependence of the depths of eclipses in EE Cep system on precession. Photometry obtained during epochs 0-10 is shown as circular symbols. The solid and dashed lines delineate two models of the changes in eclipse depth as a function of orbital phase, generated using our numerical code. In these two cases, the precession periods P prec are 10.8 P orb and 11.8 P orb , respectively. At the bottom, the spatial configurations of the disk and the star in four special cases, denoted by the letters a, b, c, and d, are shown. tilt. When φ prec = 90
• , the time intervals I I and I II are equal and the changes in eclipse depth as a function of precession phase proceed symmetrically with respect to the times of the shallowest eclipses. In general, however, φ prec differs from 90
• , in which case asymmetry appears. For example, when φ prec < 90
• , the time interval I II is shorter than I I and the eclipses during I II are deeper, especially during the central parts of this interval. This seems to be the case for EE Cep. We know that I I ∼ 7P orb and that I II seems to be shorter. Hence, if this scenario were correct, we would have succeeded in constraining the full precession period P prec < ∼ 14P orb .
We considered many combinations of sets of parameters, for different disk sizes, starting from the large (R d0 ∼ 200 R⊙) and geometrically thick (H ∼ R p ) disks. Because the adopted artifi-cial density distribution does not provide a good solutions for the external parts of the light curves during the eclipses, we concentrated on their central parts, i.e. we searched for the set of parameters that could explain the dependence of eclipse depth on precession phase. By visual inspection of plots comparing the synthetic curves that represent the dependence of the eclipse depth on precession with the observational data, we chose subjectively a few optimal sets of parameters. One of these fits, perhaps the best of them, is shown in Table 4 (left) and Fig. 15 (dashed line). Using the simplex algorithm, we performed a χ 2 minimization over the parameter space of the system input parameters. The best-fit solution is that shown in Table 4 (right) and the synthetic fit is presented as the solid line in Fig. 15 . Our solutions were obtained for a disk radius R d0 ≈ 75R ⊙ and a geometrically very thin disk H = 0.6R ⊙ . We cannot exclude, however, the possibility that a smaller or larger disk could provide more reliable results. On the other hand, the disk thickness in the optimal solution equals the spatial resolution adopted in the model (which represents the grid size) and in reality, the disk could be even thinner. The disk must be extremely thin in order for this model to work correctly at times close to the shallow minima. Some of the eclipses in the EE Cep system could be even shallower than those in 2008/9 (the disk could sometimes almost completely disappear, as happens with Saturn's rings when they have an edge-on orientation). Thus, our model (Table 4) suggests that the value of the precession period should be about 11-12 P orb . Is it possible that the precession period is really so short? The development of a mechanical model of a precessing circumstellar disk would be a useful follow-up study to this paper to test our preferred solution theoretically. Empirically, at least one binary system that appears to have a similarly short precession period exists. This system, SS433, is very different from EE Cep -it is far more compact and the disk has to be smaller and perhaps more massive. Margon et al. (1980) suggested that the SS433 system, with P orb ≈ 13. d 1, has an accretion disk that can precess with a period of 164.
d , which is just 12.5 times its orbital period.
Applying our model of precession to predict the depth of the next EE Cep minimum, we find that it should be similar to the deepest of the previous eclipses, reaching about 2.
m . According to the ephemeris (Eq. 1), this minimum should occur on 23 Aug 2014. To some degree, this tests our proposed model, although this model has a serious problem. The existing set of observations span a time interval that is almost identical to the expected precession period. A statistically more significant test would require much more than one full precession cycle, and preferably at least two cycles. Several more decades of observations would be required. Nevertheless, there is some hope that old photographic surveys might contain a sufficient amount of extra data. For example, the database of the DASCH 3 (Digital Access to a Sky Century @ Harvard) project (see Grindlay et al. 2009 ) provides data from more than 5000 old Harvard photographic plates obtained between JD 2411556 and JD 2447823 (nearly exactly 100 years) that contain EE Cep in their field of view. By checking the Julian dates when these photographs were obtained using EE Cep's ephemeris, it seems likely that we may be able to extract data for the eclipses from epochs E = −9 to E = −1, with which we can test our model. 
On the similarity of EE Cep and ε Aur
Our observations show that the disk in the EE Cep system may be similar to (though smaller than) the multi-ring structure observed in ε Aurigae. Leadbeater & Stencel (2010) found that the equivalent width of the K i potassium line at 7699 Å increased step-wise during the ingress of the last ε Aur eclipse. They interpreted this pattern as a manifestation of the complex structure of the disk as an alternating series of concentric rings and gaps, which had already been suggested based on the observations of the previous eclipse during the 1980's (Ferluga 1990) . According to what until recently has been the dominant interpretation, based on ε Aur observations during the eclipse of the 1980's, a quite close binary system should exist at the disk centre (Lissauer & Backman 1984) . On the basis of their spectral energy distribution (SED) analysis, Hoard et al. (2010) suggested that the ε Aur system is composed of a massive B5V type primary embedded in a dusty disk with a radius of about 3.8AU and an F type post-AGB secondary of about half the mass of the primary. In this model, the disk has to be a byproduct of mass transfer from the initially more massive star (currently an F type post-AGB) to what was initially the secondary (and is now a more massive B5V star). Kloppenborg et al. (2010) , via interferometric observations during the ingress of the 2009 eclipse, detected and measured movement of the disk with respect to the F star. They confirmed the existence of an optically thick, inclined disk in the system and provided the first direct evidence that the disk is geometrically thin. The mass of the disk is dynamically negligible ( < ∼ 15 M ⊕ ), but is sufficient to cause eclipses. Hoard et al. (2010) pointed out that the dust content of the disk must be largely confined to grains larger than ∼10 µm to explain the grey nature of eclipses, from the optical range up to the infrared, and the lack of broad dust emission features in the mid-infrared spectra. Owing to the important role that grey extinction plays in our models, we can conclude that the disk in the EE Cep system should also be dominated by particles of quite large diameters -a mixture of grains and dust, and our results concerning our precession model also suggest that this disk should be geometrically very thin.
In both cases, ε Aur and EE Cep, the disks are inclined to the orbital plane. The presence of a binary system at the disk centre might help to explain the inclination of the disk and the rapid precession. However, the statistical likelihood of a binary system at the centre of the disk in the case of ε Aur is low, and for EE Cep even lower. Another possible way of explaining the inclination of the disk is that since the main component in EE Cep is a rapidly rotating Be star, it is very probable that it is the donor star that supports a disk around its companion. Therefore, to explain the inclination of this disk relative to the orbit, we have to assume that the orbital plane is not coplanar with the equatorial plane of the Be star. In this case, the disk around the companion will also not be coplanar with the orbit. In principle, to introduce disk precession into the system in a way in which the precession axis is inclined to the orbital plane, it is sufficient to add a third body as the perturber if it satisfies two conditions: (i) its orbit should not be coplanar with the orbital plane of the disk, and (ii) it should have a high enough mass (and/or the disk should have a low enough mass). In the light of these two conditions, we have many possibilities as to what could constitute a third body. It could be an object orbiting the Be star, either closer to or further away from than the eclipsing object, but it might also be an object on an orbit around the body at the disk centre, either outside or within the disk. The latter case would be equivalent to the presence of a binary system at the disk centre. At the moment, we probably do not have enough observations of the system to decide which of these possibilities is most likely to be correct.
In addition to the differences in the sizes of the systems, there are additional indications that the geometries of the eclipses could be very different. While the consecutive eclipses in ε Aur are nearly identical in terms of their depth (see eg. Stencel 2009), the eclipse depths in EE Cep are highly variable. Some variations in the durations of the entire eclipse and the various stages of the eclipse (ingress, totality, and egress) in ε Aur (see Hopkins & Stencel 2008) are observed. Perhaps these changes could be explained in terms of disk precession. In this case, the large differences between the eclipse depths of EE Cep and ε Aur would be explained by variations in the direction of the rotation axis due to the strong precession in the case of EE Cep and a small θ prec (of Fig.12 caption) in ε Aur. There are also interesting differences between the Na i doublet line profiles observed during the eclipses of these systems. During the last eclipse of ε Aur, an additional component appeared, which was redshifted during the first part of the eclipse and blueshifted during the second part (see Tomov et al. 2012) , in contrast to EE Cep, where only blueshifted additional components were observed. This may indicate that in the case of EECep, the impact parameter may be so large that roughly only half of the disk is involved in the eclipses.
Conclusions
We have presented our observational data obtained during the last three eclipses of EE Cep. We release these data for use by the astronomical community. For the two latest minima, our investigations were carried out as international campaigns that provided data of unprecedented quality for this object, especially in the case of the photometry, where an accuracy of a few thousandths of a magnitude was achieved. These minima turned out to be the shallowest EE Cep eclipses observed. The grey character of these eclipses, i.e. the weak dependence of the eclipses' depth on the photometric band, reinforces our belief that the eclipsing object is indeed a dark, dusty debris-disk around a lowluminosity central body that is visible in neither the spectra nor photometry.
The results of these campaigns shed new light on our understanding of the EE Cep system. Our spectroscopic data have demonstrated that the main component of the system is a rapidly rotating (v sin i ≈ 350 km s −1 ) Be-type star. The oblateness of the star leads, via the von Zeipel effect, to a highly inhomogeneous temperature distribution across its surface. The spectra obtained during the last two eclipses suggest that the absorption lines change in the same way during each eclipse. During the minima of both eclipses, we were able to detect at least three absorption components in the Na i lines and the same strong absorption superimposed on the Hα emission.
By analysing all the photometric and spectroscopic data together, we have proposed several hypotheses that provide predictions for future eclipses.
Using high quality photometry, it was possible to detect two blue maxima in the colour indices during the 2003 and 2008/9 eclipses, that occurred from about six to nine days before and after the photometric minimum. The first (stronger) blue maximum occurred simultaneously with a "bump" in the light curves, which is very clear in all the U BV(RI) C photometric bands. This "bump" seems to be caused by a temporal offset between the two minima in a single eclipse, which can be explained by the nonsimultaneous obscuration of the hot polar regions of the Be star by the elliptical, tilted shape of the projected disk.
The durations of the last two eclipses were longer than expected (both lasting about 90 days). In the external parts of these long minima, two shallow minima were observed about 35 days before and after mid-eclipse during both epochs (arrows in Fig. 10 ). This could be explained by the presence of a gap near the outer border of the disk. The second blue maximum, which could not be explained by the mechanism proposed for the "bump", may indicate the existence of either an inner gap or a central opening. Thus, the disk in the EE Cep system could have a complex, possibly multi-ring structure. The behaviour of the Na i line profiles gives some support to this idea. Another hypothesis that follows from the behaviour of these lines and the recurrent asymmetry of the eclipses is that maybe only half the disk is involved in the eclipses.
Considering all the eclipses together, from the 1950's to the present, we estimated the duration of the disk precession period to be about 62-67 years (∼ 11-12 P orb ). Using our new model of precession, we predict that the depth of the forthcoming eclipse in 2014 should be one of its deepest, reaching about 2.
m . More spectroscopic observations during the next eclipse would be needed to more clearly understand the nature of the EE Cep system. Photometry in the infrared JHK bands during and after the eclipse would be very useful. This could make it possible to detect the secondary companion of EE Cep (disk and/or central star/stars), as it seems to make a significant contribution to the total flux at the red edge of the visible spectrum (a brightening event by about 0. m 05 at the phase ∼ 0.2 was observed). The radial velocity variations of the hot component, which would be a real challenge to obtain, may be of crucial importance in constraining the parameters of this system.
Appendix A: The models of eclipses with a solid or a gapped disk
Using our numerical code, we fitted models of the last two eclipses separately, using a solid disk as the eclipsing object. We made the same assumptions about the nature of the Be star, and we used the same fixed and free parameters as in Section 4.1. The disk was treated as having negligible thickness (infinitesimally small with all the mass concentrated in the plane) and an r −2 density profile. For simplicity, the precession axis was assumed to be perpendicular to the orbital plane. The resulting solution is shown in Table A .1 together with the error estimates. In Fig. A.1 , we present models of two eclipses using a solid disk, for the 2003 eclipse on the left and for the 2008/9 eclipse on the right. The models containing a solid disk provide quite a good fit to the light curve and the global colour changes, reproducing both the depth and the shape of the eclipses, especially for the 2003 eclipse. This model, however, cannot explain the two maxima in the colour evolution during the eclipses.
In the present study, we adopted a model containing a disk that has a concentric gap for the two last eclipses, taking into account the precession of the disk. We assumed the same disk diameter, disk density distribution, and orthogonality of the precession axis to the orbital plane, and the same Be star parameters as in the case of the solid disk. This model was based solely on the B − I C , V − I C , and V − R C colour indices. We chose the same free parameters as in the case of the solid disk model for the 2008/9 eclipse (the tangential velocity was fixed at V t = 1.57R ⊙ day −1 ) but added three more free parameters: the precession period P prec and two parameters specifying the outer R d1 and inner R d2 radii of the gap. The resulting model is presented in Fig. A.2 and Table A.2. The best results were obtained for the precession period P prec ≈ 31.91yr (about 5-6 P orb ), for which the angle related to the disk precession phase φ d changes from 50.00
• at epoch E = 9 to 113.32
• at epoch E = 10. An alternative solution was found to exist in which the precession phase φ d = 66.68
• at epoch E = 10 has a precession period P prec ≈ 121.13 yr, which is almost four times longer (being about 22 P orb ). In the light of the results of Sections 4.3 and 4.4, both these periods of precession seem to be unrealistic. Comparison of this model with the Gałan et al. (2008) model for the 2003 eclipse alone reveals a problem. The gapped disk model seemed to be very promising for explaining the colour changes that occurred during the 2003 eclipse, but fails in the case of the 2008/9 eclipse, since it cannot explain either the colour changes during an eclipse or the strong "bump" in the light curve. Table B .6. Photometry in standard U BV(RI) C and narrow (FWHM ≈ 100 Å) c (continuum atλ = 4804 Å) and Hβ filters obtained at Piwnice Observatory ⋆ (Poland) during and near the 2003 eclipse (E = 9). A one-channel photometer with a cooled Burle C31034 photomultiplier on the 0.6 m Cassegrain telescope was used. Differential magnitudes are given with respect to BD +55
• 2690, together with the corresponding standard deviations. 9) . The 0.6/0.9 m Schmidt telescope with an AT200 CCD camera was used. The differential magnitudes are given with respect to BD +55
• 2690. Table B .14. BV(RI) C photometric data obtained at Green Island Observatory ⋆ (North Cyprus) during the 2008/9 eclipse (E = 10). The 0.35 m telescope (Meade 14"LX200R ) with a Meade DSI II Pro CCD camera was used. Differential magnitudes are given with respect to BD +55
• 2690 together with the corresponding standard deviations. The columns labelled JD+ denote the fraction of the day. Table B .22. BV(RI) C photometry obtained at Sonoita Research Observatory ⋆ (Arizona, USA) during and near the 2008/9 eclipse (E = 10). The 0.5 m Cassegrain telescope with an SBIG STL 6303 CCD camera was used. Comparisons were made against two stars designated with the AAVSO Unique Identifiers as: 000-BCQ-040, 000-BJJ-300. The former is a d object from Meinunger's comparison star sequence (Meinunger 1975) . The apparent magnitudes are also given with respect to BD +55
• 2690 (calculated with the adoption of BV(RI) C magnitudes of BD +55
• 2690 given in Mikołajewski et al. (2003) 
. BV(RI) C photometry obtained at Sonoita Research Observatory
⋆ (Arizona, USA) during and near the 2008/9 eclipse (E = 10). The 0.5 m Cassegrain telescope with an SBIG STL 6303 CCD camera was used. The apparent magnitudes are also given with respect to BD +55
• 2690 (calculated by adopting BV(RI) C magnitudes of BD +55
• 2690 from Mikołajewski et al. (2003) ). Table B .24. Photometry obtained at Athens Observatory ⋆ (Greece) with standard BV(RI) C (Bessell) filters during and near the 2008/9 eclipse (E = 10). The 0.4 m Cassegrain telescope with an SBIG ST-8XMEI CCD camera was used. Differential magnitudes are given with respect to three comparison stars: a = BD +55
• 2690, b = GSC-3973:2150, and c = BD +55
• 2691. Each point is the mean value obtained from several frames. The columns labelled HJD+ denote the fraction of the day. eclipse (E = 10). The 0.4 m RCOS telescope with an SBIG STL-1001 CCD camera was used. Differential magnitudes are given with respect to three comparison stars: a = BD +55
• 2691. Each point is the mean value obtained from several frames. The columns labelled HJD+ denote the fraction of the day. eclipse (E = 10). The 0.2 m Newton telescope with an SBIG ST8-XME CCD camera has been used. Differential magnitudes are given with respect to three comparison stars: a = BD +55
• 2691. Each point is the mean value obtained from several frames. The columns labelled HJD+ denote the fraction of the day. Table B .27. U BV(RI) C photometry obtained at Kraków Observatory ⋆ (Poland) during and near the 2008/9 eclipse (E = 10). The 0.5 m Cassegrain telescope with a CCD camera was used. The differential magnitudes are given with respect to three comparison stars: a = BD +55
• 2691. Each point is the mean value obtained from several to tens of frames. The columns labelled HJD+ denote the fraction of the day. 10) . The 0.6 m Cassegrain telescope with SBIG STL-1001 CCD camera was used. Differential magnitudes are given with respect to three comparison stars: a = BD +55
• 2691. Each point is the mean value obtained from several to tens of frames. The columns labelled HJD+ denote the fraction of the day. 
. U BV(RI)
C photometry obtained at Suhora Observatory ⋆ (Poland) during and near the 2008/9 eclipse (E = 10). The 0.6 m Cassegrain telescope with a CCD camera was used. The differential magnitudes are given with respect to three comparison stars: a = BD +55
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